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DRETERMINATION OF JET-BOUNDARY CORRECTIONS TO
COWLING-FLAP-OUTLET PRESSURES BY
AN ELECTRICAL-ANALOGY METHCD
By S. Katzoff and Robert S. Finn

SUMHARY

In order to determine Jet-boundary corrections to
cowllng-flap-outlet pressures, corrections tec the ve--
locltles near a cowling-flap tip have been stuvdled by
an electrical-analcegy method. The »nresence of the
low-energy alr leaving the fiap opening was tsken into
account by so shaplng the nacelle model that 1ts outer
surfase represented the etream surface leaving the flap
tip.

Copper was found unsatisfactory for usc &s slectrode
materlial, nood accuracy was obtalned wlth chroalum-
plates copner for tenk electrodes end pletinum wire for
the solution ccuatacts.

An 8-percent velocity correction was found for a
typical nacelle in thz IXNAL 16-foot high-speed tunnel,
corresponding to a correction of sbout 0.25 tlmes Ilree-
stream dynamlc pressure at the flup cutlet, The results
agreed spproximately with the corrcctlorns calculated by
Lanb's method for an equivalernt =source-sink ovcld.,

IHTRODUCTION

Some uncertainty hes exlsted regaralng the magnitude
of the jet-boundary efrect on the cowling-flap-outlet
pressures (and honce, on the avallnble ccoling pressures)
In tests of alr-cocled engine insiellat!ons in the
LMAL lo-foot high-~spsed tunnel, The ditfficulty in
analysie results not only firom the three-dlmensional
character of the rlow brt alro from tae rreserce of the
low~3nergy nonpotential flow out of thu flap openlng.



In order to obtaln a practical solution of the
problem, the presence of the low-energy-alr layer may be
taken Into account by consliderinz the nacelle radius to
be lncreased by an smount equal to the dlsplacement
thickness of this layer. The potentlal flow about thls
new body, however, although perhans amsnsebls to analysls,
1s very difficult to derive; and the rssults that might
be calculated for s simpler body llke the Ranklne ovold
(reference 1) were considersd of questlionable apnlica-
billity. It was therefore consldered exnediont to solve
the problem in the electrical tank by use of the anualogy
between the iflow of current and the potentlal flow of
alr, The method consisted of measuring end comparing
the flows about a glven naceslle model 1n four tanks
(representing wind tunnels) of different slze, 6 for ths
largest of which the correction was so small that 1t
could be adequately calculated by an approximate method.

The present peper presents ressults on the jet-
boundary correctlions and a somewhat detaliled discussion
of some of the techniques involved. The existing
literature on the subject 1s relatively unsatisfactory
In this resnect.

THEORY OF NET.IOD

Electrical ansloxz.- The electrlizal analogy urises
directly from the =simllarit:; of the differential equations
for the 1rrotational flow or alr and the dilifferential
equations for the flow of elcctric current ln a uniform
conducting medlun. Both squatlons are Laplaclan:

928 = 0

where @ and = are tre veloclty potential and the
electric potential, respectively. It follows that, for
similar boundaries and boundary conditions, the velocity
of fluld flow 1s analogous to the electric current in
both magnitude and directlon, or lnasmuch as. with
uniform conductlivity of the medlum the current is pro-
portional to the voltage gradient, local velocity 1is
directly analogous to local voltage gradlent. The
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boundary conditions for these tosts are merely (1) the
flow I8 imiform and parallel to the axls'at large dls-
tances upstream and downstream from the body, and

(2) there 1s no veloclty component normal to the body

or the tunnel wall. For the electrical tank, the flrst
condition 1s satlsfled by using a tank of sufficlent
length, with electrodos completely coverlang the ends of
the tank and at right engles to the tank axis, The
second condition 1s satisfied by using insulating material
for the body and for the tank walls.

Theory of model-nacelle design.- The flow of cooling
alr through an ailr-coouled engline cannot be slimulated by -~
what might appear as an obvious esnslogy - the flow of
electrlc current through a hlgh-resisternce membrane in
the nacelle model. Such an internal resistance would
result only in a flow as shovn 1In figure 1l(a), quite
ur.like the true flow (fig. 1(b)), bezause a disccrtinuity
In total pressure, such es exlistes at the cduge of the
cooling-air layer, cannot be represented in the elec-
trical tank. The model was thereforo extendad to a
continvation of the flap (fir. 2) in orcder that the flow
of current ebout this region mizht represont the 1low of
the 2xternal alr in the nelghkborhcod of the f'lav exit.

In order that the flow near the cowl entrance might
be simulated, a passage was provided alcng ti:e model axis
of such arsa that ths current flowing into the enirance
correspondecd to the cooling-air flow. The net cross-
sectloral area of the model et overy statlon thus
corresponds to the cross-sectional ares of the englne
nacelle plus the dlsplecement area of its surrounding
low-ensrgy alr; that is, the amount by which the outer
streamlines are dlsplaced outward as a result of the
reduced velocltles in the inner leyers.

RBecause of the Jet-boundary effects on the amount
of Internal flow and on external presswres, the deslgn
of the model should probably not be exectly the sarme for
all four tanks. Inasmuch as no means of determining
these varlatlons wss avellable and a test si.owed *trat a
20-percent blockirg ol the internal pasrsage ceus.d caly
a 0.3 percont imeresse 1In externcl gradient, ths nmatter
was not further courei-cred.



For best represvntatlon of the externel flow, the
model shouléd not taper to zero cross scction but should
continue indefinitely downstream with & cross-sectlional
area equal to the dlsplacsment area of the wake:

A* v D

2c1o

vherec
A*  displacement area of waie

D nacelle drag
a5 free-stream dynamic rressure

The rear cross section of the model was accerdlngly mnde
large enough to correcpond, by this eqration, to tho

large drag coefflclents mecsured for flap-open conditions.
The lerngth of the model, however, was for nrectlcel
purnoses only four times ltc dlarmeter. Althoush the
model was somewhat too short to reprssent eoffsctively &
modol of infinite length, the error involved was estimated
to be small.

Rasls for ocmputing jet-bourdary correctlion.- The
suction in the flap opening 1s assumned to te determined
by the velcclity of the flow over th: flap tip, according
to the ejquetion

P =P, = %P(Voa - v*)

or
- 2
R S
2o °
where

P, free-stream static prossure
P local statlc pressure

Vo free-strecam airspeced
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v local airspeed
p density
P pressurse coefrllclent

and the Jet-bcundary afifect on exit pressures 1s accord-
Ingly assumed to depend only on the jJjet-boundary effect
on the veloclties in thls reglon.

As has alreadyr been noted, the local veloclity corre-
sponds to the local voltage pgradient, and the ratilo V/'Vo

corresponds to the ratlo of the voltage gradient along
the model 1n the region cf the flap tilp to the voltage
gradlient in the "free stream" ahaad of the model. From
comparisons of the V/V, ratics thus found in the Gif-

ferent tanks, the jet-houndary correcticne in the smaller
tanks are found relative to the zorrection in the largest
tank, walch can be obtalned accurately by a simple calcu-
lation.

APPARATUS AND METIIODS

Tanks .- Four semlcylindrical tanks werz used, all
about 50 Inches long, with diametirs of 5.5 inches,
8 inches, 11 inches, and 15.5 inches, respectively. The
tanks were made o7 cellnlold shests curved to it Into
heavy wooden forms end sealsad toczether wilth acetone.
A sketch of the S-inch tank is shown in figure 3.

Yarelle model.- The nacselle model (flg. 2), 3 1nches
In dlameter, was cut from a Micarta cylinder and given
several coats of spar varnish. Tts slze, in proportion
to the 8-inch tank, corresponded to a typical nacelle in
the LMAL 16-foot nligh-speed tunnel. In order to measure
the potentlals neai the flap opening, six small contacts
mede of flattened No. 2l platinum wire, were brousht
through the surface, about 0.2 inclh apart, along 2
meridian. TMxing the contacts on the wocfel ir ti's way
is much reore accur-~ie, for the present purposec, Lo
usirg 2 rovable 32 ovnAal contact. The rlatinin wires
wore solGerasd to cuprar leads, which were broushit out
throvgn a smail glars tube into walch they wor~ sgsaled with
paraffin to lnsure that no motlon of the exterral leads could
be 1lmparted to the contacts, The model was suspanded from




a triangular board that rested on top of the tank; three
leveling screws were used Lo adjJust the halght aad
Inclination of the nacelle model so that 1t would be
exactly half 1mmnersed 1In the tan!:.

Electrical circult.- The circult, wklch 1s essen-
tially a Wheetstone hricge, is shown in figure li. Waen
the bridge 1s balenc2d, 8s indlceted hy silerce in the
headphones, the voltage at the contact 1ls gzlven by the
relation

Yoltage at contect - voltage at lelt electrode . _. R3

Voltage hoatween electrodes R, + Ry

All voltage differences between valrs of adjJacent contacts
are thus found relative to tke voltage betwsen the end
electrodes. . -

A varlable capacitence across ons cf the reslstance

* arms wes iIntroduced to balance tne stray circult and
sclution capacltances. In order to avold excesslve
dielcectric losses, only mica end alr condsnsers were used.
Although absclutely essential for sttirg a reading, the
capacitence was at no time large enough to afféct the

* impadance of 1ts circuit, that iz, to mske inaccurste the
uze of the simple reslstance ratio 1n the preceding
equation. .

The brldge was fed by a H-watt power oscillator,
operated_  for most of the tests at 100C cycles. The
headphones were, for high sensitivity, selected to have
a hizh impedance (20,000 ohms) doripareble with the
impedance of the clrcult. The two 10,000-ohm resistance
boxes were cealibrated to 9.1 ohm.

Blectrodes.- Previous workers (for example, see
references 2, 3, and |}) with ths method of electrical
anelofy have used electrodes of coppor, brass, or alumi-
num. .Few dlfficultles 1n the use of these metals have
been reported, although the necessity for frequent
pollshlng of the electrcdes end for tie use of acid in
the solutions has been noted. In the present study,
some attempts were made to use copper for the end elec-
trodes end for the contact wires; however, the reedlngs
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were found to drilft at large and lrregular rates and the
copper -surfaces-qulckly lost tholr pollsh. _Satisfactory
results were obtalned with chromlum-plated copper sheets
for the end electrodss and platinum wlires for the con-
tacts. Even wlth these metsls, some slow drlft was
almost always observed, but the potentlals of the
plaetinum contacts always drifted up or down together;

the cause of the drift was therefore probably elsewhere,
occasioned elthor by chemlcal actlion at the end elec-
trodes or by temperature or concentration varlatlons.

With regerd to electrode material, it 1is of interest
to note that copper was lonn ago dlscarded for measure-
ments of the conductlvity of solutions. Platlinized
platinum 1s used almost excluslvely for such measurements,
although smooth pletlnum has been used succecssfully for
solutions of low conductlivity and the less noble metals,
sllver and nickel, have been found rsasonably satisfactcry
for less precise work.,

Distance standerd.- As a primery dlstance stondard

for the detoermination of the free-stream potentlal gra-
dlent in the solutlon, the Instrument shown In figure 5
was used. Jt has a platiaum contect attached to a
8llding arm whlch can be moved preclse dlstances of

1l Inch and 2 1lnches along the tank, by rneens of carefully
ground spacers, A more convenlent sscondary standard,
callbrated against the prilmery standerd, was made of a
pair of platlinum contacts suspended from the erms of an
inverted gless U (fig. 6).

The potential gradlent as determined with these
standards wes nearly 1l percent less than the ratlio of
the potentlal difference bstween the end electrodes to
the distance betwsen the end elesctrodes. The difference
was tentatlvely ascrlbed to the known tendency of the end
electrodes to act as serles cepacitances, wherein polar-
lzatlion sets up a counter.voltage analogous to that set
up by a charged condenser, An effcrt was made to
eliminate the capacitance effect by using higher fre-
quencles, since such an effect should decrease with the
Inverse square of the Ifrequency; however, the gradient
was found to rlse almost linearly with freduency, with
a total gradlent incrsase of 0.6 percent in the range
from 1000 cycles to 5000 cycles (the highest frequency
that was dlstinctly audible).




Series i1nductances were also tried (fig. 7), of such
magnitude that the effective electrode capacitances could
be balanced (that is, & maximum gradient could he found)
with e frequency in the neighborhood cf 1000 zycles.
Inasmuch ag the lnductanccs had spoireclable resistances
relative to the tank resistance, a dlrect sclutlon oi the
circult shown fs not possible; the potentlals could be
calculated, however, by simultaneous sclucion of the
equations of balance wilth ard without an awxilliery resist-
ance In the circult. Two different valuss (500 ohms &nd
1000 ohms) of this auxiliary rusistance were trled and
both gave the sare result. Th!'s result, however, was
1dsntical with that orlginclly messwured at 1000 cycles.
Since the effectlve electrodse capacitance 1s thus appar-
ently not clearly defined or at least 1s associated with
other effects that cculd not be ideuntified, no further
effort was made to establish the gradlent in teims of
the total applied voltagse end the distancc bstween elec-
trodes, and the gradient determined with the slidlng srm
was taken as correct.

Electrolyte.- Solutions containing about 0.0C5 to

0.010 percent sodlum chloride in dlstillled water were
used as electrolyte in the tanks. “lueh smaller coiacen-
tratlions still permltted sherp readings but were evolded
because of the relatively lergs local concentration
varlations that migsht result from tie =zolutlion of traces
of conductling matter from the vernlsh or from the alr.
Much larger concentratlons were elso avelded in crder to
minimize polarizatlion at the electrodes, Tap water was
not used because 1t was found to precipltate conslidersable
amounts of materlal on stonding. Local verlatlons of
tsmperature, which could produce large locsal variatlons
in reslstance, were minlimized by covering the tanks,
keeplng them in a thermally insulated wooden box, and
stirring the solutlons freguently. When the drift was
large or wren stirring ceused apprecisble changes 1n the
readings, the readlngs were discerdecd.

Test procedure.- The tank was filled with solutlon

to slicntly belecw the level of the diemeter (allowing
for the displacement volume of the model) and then care-
fully lsveled until the potential greclent es determined
with the standard was uniform along the longth of the
tank. The model was than lowsred into the solution and
1ts height and level cavefully adjusted untll it was Just
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half immersed. The adjustment was faclilllitated by means
. of marks on the model showing the position of the hori-
zontal meridian. ' “Cdre was also taken to center the
model laterally.

Measurements of the potentlals at the slx contacts
were made in order and repeated in rsverse order. The
set of readings was repeated seversl times. The free-
stream gradient was measured, with tie model 1n place,
at a point some distance 1n front of the model. The
value of the free-stream gradient was considerably less
than that measured with the model removed because of the
increased reslstance of the passage around the model.
The field of the model 1tself caused a negllgible cor-
rection to thls free-stream gradlent.

The uniformity of the gradlent along the tank was
checked after removal of the model.

Precision.- The sensitivity of the brldge was very.
high; the resistance boxes could generally be set to
0.1 ohm, corresponding to about 0.05 percent of the
potential dlfferonce between adjacent pairs of contacts
on the model. The accuracy of a glven set of readings,
however, 1s conslderably less than the sensitlvity of
the bridge, es indicated by the fact that independent
tests (involving repetition of the entire procedure)
could give results differling by as much as 0,3 percent;
and irregularitles of the same order anpeared 1In the
wall correctlons derlved from the potential differcnce
measured between the flve different pairs of adjacent
contacts.,

Inasmuch as the wall effect 1s obtained by comparing
the potentlal dlfferences measured in the largest tank
with the potentlial dlfferences measured 1in each of the
other tenks and since few independent sets of readings
were taken, the results might contaln twlce the inac-
curacy of each set. If a further error of perhaps
0.1 percent 1s allowed ln the estimation of the wull
effect in the largest tenk, a total error of about
1 percent eppears to bpe posslible In the correctlion de-
rived for sach palr of adjacent corntacts. That the
errors will tend to be additive is, however, unlikely;
end the average of the correctlions for the five different
pairs of contacts will, in any case, have conslderebly
better than 1 percent accuracy.
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Actual gradlents on the model are known only within
2 to 3 percent becausse the dlstances between the model
contacts could not be measured or, In rect, ldentifled
to within 0.C05 inch. The wall ccrrection 18 determined
only from the ratios of thae gradients arnd 1s therefore
not affected by lneccurecles 1n the dlstances betweean the
model contacts.

RESULTS AND DISCUSSION

sxperlumental velocity corrsction.- Curves ol the
Jet=boundary correctlon to the wvslccitics In the nelgn-
borhood of the flap, found by coapering the potantial
differences betwser adjecont palirs of nontacte measured
in the different tenks, erz rhown in figure L. 4Te
averaTe Jet-boundary-correction curve is shown 1a
flpure 9. mhe lowest pclnt of these curves - that 1s,
the correctlon for the largest tanlkt - was computed
theoratlcally by Lre methods Indicated in the following
pareagraph.

Corparison with theoratical correctlion.- Laab
(referarce 1) showed how to ccmouatce the rlow atout €
Renklae ovold 1n a cylindrical tank. Theas methods
were used bto rroride tue correction for the lergsst tanl,
and also to compare the oxpsrimental rosults wlth those
that covld heve veen prcdicted for &n oveld of rovghly
the same dimenslons. LTe lorgltulinal alstribution of
cross-scctlonal ares for tiw raczlle mocdel 1o showm in
figure 10, topether with the dlstribution for the asswumed
equlvalent ovold, vhicin hed the same maximun cross
section, a somewhat grester volume, and & somewhat
smaller length. (An ovold with the same maximum cross
section and Tength wvould have hed an sicessive volure
and a compromise of thils typoe was considered mcst rea-
sonable.) "he computations were niade for polnt B on
the oveld, the longltudinal distance of vhich from the
upstream focus 1s 0.17 times the distence between [ocli,
or C.50 timses the meximum diametber. e results have
been pletted teogether with the exprrimental results in
figurs 9. The agresmont 1o within practlcal accuracy
over the entire range, The agrsswment, however, depended
to some extent on the locetlion of polnt D. If thc point
had besn chosen at the mlddle cf the ovoid Instead of
near the end, the correction for the smallsst tank would
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have been 32 percent instead of 2l psrcent, or one-third
higher; for the larger tanks, however, the relative
difference would have been somewhat less.

Application.~ According to equatlion (1), the cor-
rection to the pressure coefficlent follows from

2
1l- Ptunnel - (V/vo) tunnel
1 - Prree air (V/V

free alr

For example, where for a typlcal nacel]e in the 16-foot
tunnel (velocity correction = 1,08) a pressure coefficient
of -0.75 1s observed, the corrected pressure coelfficient
is -0.50, as given by the equation

1 - (-0.79) - (1,08)2
1 - Prree air

The pressure coeffliclents for the mcdel are shown
In figure 11 for the two smallest tanks and for the free-
alr condltion. TFor the free-alr condition, the suction
Indicated for the region of the flap tip seems about
normsal.

CONCLUSIONS

Jet-boundary correctlone to cowling-flap-outlet
pressures have been studlied by an electrical-analogy
methol, and the corrections found have been presented
as a function of the ratlo of wind-tunnel dlameter to
effective nacelle dlameter. The correctlion in the
IMAL 16-foot high-speed tunnel for a typical 5-foot nacelle
with 12-inch-chord flaps extended 30° is about 0. 25 times
the free-stream dynamic pressure. Conmparison of the
results with theoretlcal values for a source-sink ovoid
in a circular tunnel showed approximate agreement.
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It was found that accuracy in the elegtrical tank
requires that only the nobler metals be used for the
electrodes. Wire contacts for prc¢bing ths solution
potentials should be of platlinum.

Langley Memorial Asronautical Laboratory,
Nationsel Advieory Committee for Aeronavtics,
Langley Field, Va.
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Fig. 1

_.,//%

(a) Current flow

Figure l.- Constraat between flow of air and flow of
electric current at a cowl flap.
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Effective nacelle diameter
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Figure 9.~ Mean wall effect on velocltlss in region of cowl-flap tip, and
corresponding theoreticsl correction for point B of the ovoid

of figure 10.
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Longitudinal position, in,

Figure 10,- Longitudiral distritmticn of cross-seztional area for nacelle and for assumed oquivalent
ovold. Polnt or ovold for vwhich correctlons werv computed is indicated as B.
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